The effect of dialysate on peritoneal phagocyte oxidative metabolism. The respiratory and oxidative responses of human peritoneal polymorphonuclear leukocytes (PMN) and peritoneal macrophages (PMØ) following exposure to unused continuous ambulatory peritoneal dialysis fluid (CAPD) and early dwell effluent were studied using an open oxygen (02) electrode system and by measurement of oxygen radicalderived luminol-dependent chemiluminescence. Both cell types responded to stimulation by increasing 02 consumption and by generating chemiluminescence even at external 02 concentrations below 50 /iM 02. Oxygen concentrations in the dialysate, as measured by blood gas analysis, were never lower than 118 8.3 M 02 even during active peritonitis. Thus oxygen availability does not appear to be rate limiting for phagocyte oxidative metabolism in the peritoneal cavity. Preexposure of both inflammatory cell types to unused fluid or early dwell CAPD effluent significantly reduced both stimulated oxygen uptake and the subsequent ability of these cells to generate chemiluminescence without significantly affecting their viability. Further investigation of this down regulatory phenomenon using unused fluid and laboratory prepared dialysis fluid revealed that low pH (5.3) and high sodium lactate concentration in combination are directly responsible for the suppressive effect of unused fluid and early dwell effluent on cell function. These observations demonstrate that cellular host defense may be impaired early in the dialysis cycle as a result of lactate mediated "stunning" of resident phagocytes. The precise nature of the molecular species responsible for this suppressive effect remains to be identified.
© 1988 by the International Society of Nephrology which are thought to play an important role in the intracellular killing of microorganisms [7, 8] .
The oxygen metabolism of peripheral blood PMN has been studied directly by investigating cell respiration [9] [10] [11] [12] [13] and indirectly using chemiluminescence [14] . This latter technique assesses respiratory burst activation by measuring the oxygenation of a suitable chemiluminogenic probe, usually luminol, by the oxygen radicals produced during phagocyte activation. The only data available for the oxidative metabolism of peritoneal macrophages (PMØ) used this technique [15] , and to date no study has directly examined the oxygen uptake and respiratory burst activation of PMN isolated from the peritoneal cavity.
Phagocytic cells present in the peritoneal cavity of patients undergoing CAPD are repeatedly exposed to inflow of fresh dialysis fluid, and previous investigators have noted the suppressive effect of this fluid on cell function [161. We have recently demonstrated [17] that exposure to unused and early dwell CAPD effluent significantly depressed the subsequent phagocytic ability of PMØ and PMN in vitro. However, the precise mechanism responsible for this inhibition was not identified. In the present study we have examined the in vitro oxygen uptake and luminol-dependent chemiluminescent responses of PMØ and peritoneal PMN stimulated with serum treated zymosan and the common peritoneal pathogen Staphylococcus epidermidis (S. epidermidis). In addition the effect on the stimulated oxidative and respiratory responses of these cells following exposure to unused CAPD fluid or early dwell effluent was examined. Our findings indicate that oxygen tension in the peritoneal cavity even during peritonitis is not rate limiting for phagocyte respiration, The depressive effect of unused and early dwell CAPD fluid on the phagocytic and oxidative metabolism of PMØ and PMN results from the combined effect of the initial low pH and the sodium lactate (Na lactate) content of commercial dialysis fluid.
Methods
Reagents Unless otherwise stated all chemicals were purchased from the Sigma Chemical Company (Poole, Dorset, UK). Phosphate buffer containing glucose (phosphate-glucose buffer) was prepared with the following composition; 12.7 mM Na2 HPO4, 11 mM D-glucose, 120 mrsi NaC1 (BDH Chemicals, Poole, Dorset, UK), 4.8 mii KCI, 0.71 mM CaCI2 (BDH), 1.2 mM MgSO4 . 7H20. Phorbol myristate acetate was prepared as a stock solution of 1 m in dimethyl sulphoxide and stored at -70°C in 50 d aliquots. Luminol (5-amino 2,3 dihydro-1,4 phthalazinedione) was dissolved in 0.1 M NaOH and diluted in water to a stock concentration of 2 mM (pH 7.3). The solution was then stored in the dark at 4°C. Zymosan A was boiled and washed in 14 mrvt NaC1, counted in a Coulter Counter ZM model (Coulter Electronics, Luton, Beds, UK) using a 50 aperture and stored at 4°C. All agonists were diluted or suspended in phosphate-glucose buffer immediately prior to use in chemiluminescence and 02 uptake experiments.
Peritoneal macrophages (PM 0)
PMØ were isolated from the 18 hour dialysate of patients who were infection free as previously described [17] . Routinely, PMØ preparations contained more than 95% mononuclear cells as assessed microscopically by the staining of cytospin preparations (Cytospin II Shandon Southern Products, Runcorn, Cheshire, UK) with Wright's stain. If the PMN contamination exceeded 5% the cells were purified by density gradient centrifugation on Ficoll-Hypaque (Pharmacia Fine Chemicals, Milton Keynes, Bucks, UK). The viability of the isolated cells was assessed by trypan blue exclusion and always exceeded 95%.
Peritoneal PMN PMN were prepared from the cloudy four-hour dwell effluent from patients who were subsequently shown to have bacterial peritonitis. A 50 pi sample of the fluid was cytocentrifuged, stained with Wright's stain and a differential count was performed. Only effluents containing greater than 95% PMN were used to prepare peritoneal PMN. The fluid was filtered through sterile gauze and centrifuged at 550 g for 15 minutes at 4°C. The cell pellet was washed (x 2) with phosphate buffered saline pH 7.3 (PBS) , resuspended at a concentration of 5 x 106 cells/mI in PBS and kept at 4°C until required. If necessary contaminating erythrocytes were removed by hypotonic lysis using sodium chloride as previously described [17] . The viability of these cells, assessed by trypan blue exclusion was normally greater than 95%.
Peripheral blood PMN Normal human PMN were isolated from citrated peripheral blood of healthy volunteers by dextran sedimentation of erythrocytes; rendered plasma free and platelet poor by washing (x 3) with PBS and purified by density gradient centrifugation at 400 g for 35 minutes at 23°C on Ficoll-Hypaque. The PMN were rendered erythrocyte free by hypotonic lysis, counted in a Coulter counter ZM model and resuspended in PBS at 5 X 106 cells/ml. Wright stained cytocentrifuge preparations revealed that the cells were greater than 98% PMN by their morphology. Dialysis fluid samples At specified times after inflow approximately 200 ml of fluid was run out into the dialysis bag and 50 ml of effluent was aspirated aseptically from the injection port. The remainder of the fluid was run back into the abdomen. Oxygen concentration was measured in a 2 ml sample taken anaerobically directly from the bag. Oxygen concentration was assessed using a Radiometer ABL2 automatic blood gas analyser (Radiometer, Stockholm, Sweden). Oxygen concentrations were expressed in mm Hg (1 mm Hg = 1.32 /LM 02).
Serum treatment of S. epidermidis
A single strain of S. epidermidis (DM2) was isolated from the effluent of a CAPD patient with bacterial peritonitis, subcultured on nutrient agar (DST Agar, Oxoid Ltd., UK) overnight, harvested in PBS, washed twice and suspended to an optical density of 2.0 (OD5) in phosphate-glucose buffer (5 x 108 cfu/ml). One ml of this suspension was mixed with 3 ml of pooled normal human serum (pooled from at least 5 separate donors) and incubated at 37°C for 30 minutes with rotation. The bacteria were then washed (x 3) with PBS and resuspended to their original concentrations.
Opsonized zymosan Zymosan A (20 mg) in 1 ml phosphate-glucose buffer was mixed with 3 ml pooled normal human serum and incubated for 30 minutes at 37°C with rotation. The particles were washed (x 3) with phosphate-glucose buffer and resuspended to a final concentration of 5 mg/mI in the same fluid.
Heat killed serum treated bacteria To exclude bacterial oxygen uptake in respiration experiments S. epidermidis grown on nutrient agar overnight were harvested as previously described and killed by incubation in a boiling water bath for one hour. The heat killed bacteria were resuspended to an optical density of 2.0 at 0D5 nm (5 x 108 cfu/ml) and then serum treated as described previously.
Oxygen (02) uptake measurements
The uptake of 02 and the respiratory rate of intact phagocytes was measured at 37°C using the open 02 electrode system described by Degn and Wohlrab [18] . The open system was selected in order to study the effect of increasing external 02 tension on phagocyte respiration. Low 02 tensions were obtained using a digital gas mixer [19] and gas mixtures were humidified by passage through moist cotton wool. Results obtained using this system were shown to be of the same order of magnitude as those obtained using the more conventional closed 02 electrode system ( Table 1) .
Measurements of oxygen uptake by PMØ or peritoneal PMN were made in phosphate-glucose buffer and in the CAPD effluent from which the cells were collected (4 to 18 hr dwell time) as well as in unused dialysate containing 1.36% (wt/vol) dextrose. Seven ml of either phosphate-glucose buffer or the appropriate fluid were placed in the vessel under a mobile gas phase of 5% 02:95% Argon (Ar). Once a steady state was established (Fig. 1A) , 100 d of 2 x 108 cells/ml (either PMN or PMØ) were added; a shift in steady state was then observed due to the 02 consumption of the resting cells (Fig. lB) , addition of opsonized zymosan or S. epidermidis shifted the curve to a third steady state (Fig. 1C) , indicative of the total 02 consumption of stimulated cells. Calculations of respiratory rates employed a value of 52.6 /LM for the concentration of dissolved 02 in equilibrium with 5% 02 in Argon and gas transfer constants of 0.3, 0.25 and 0.22 p.M/mm were determined for phosphateglucose buffer, CAPD effluent and unused dialysis fluid, respectively (legend to Fig. 1 ). In a separate series of experiments, measurements of respiratory rates for both human peripheral blood PMN and PMØ in phosphate-glucose buffer were carried out over a range of 02 concentrations. Briefly, 7 ml of buffer were placed in the vessel under a mobile gas phase consisting of 40% 02 to 60% Ar. Once a steady state was established, 100 1.d of 2 x 108 cells/ml of either PMN or PMØ were added and the second steady state was reached. Oxygen concentration in the gas phase was then decreased stepwise in 5% increments. The stimulus (opsonized zymosan) was then added, and on reaching the third steady state both the resting and stimulated 02 consumption were calculated.
Luminol dependent chemiluminescence Chemiluminescence was measured using the Lumac Biocounter M2010 (Lumac 3M, Schaesberg, Netherlands) at 37°C as previously described [201. Samples for chemiluminescent assays contained 200 d phosphate-glucose buffer, 100 p1 of PMN or PMØ (5 x 106/ml PBS) and 100 /Ll of 10 p.M luminol in phosphate-glucose buffer. All cuvettes were preincubated for six minutes in a water bath at 37°C in order to achieve temperature equilibration and to record background chemiluminescence before addition of the stimulus. One hundred microlitres of agonist was then added to a final concentration of 1 mg opsonized zymosan/5 X i05 cells, (150:1 particle/cell ratio), 5 x i0 s phorbol myristate acetate or 100 p.1 of serum treated S. epidermidis (0D560 = 2.0, = 5 x 108 cfu/ml), a ratio of 100 bacterialcell. 
Effect of dialysate on chemiluminescence

Effect of Na lactate and pH on PMN chemiluminescence
In order to study the pH dependency of the effect of lactate pretreatment on the subsequent PMN chemiluminescent response, both PBS and phosphate-glucose buffer were supplemented with 35 mat Na lactate at both pH 7.3 and pH 5.3. These solutions were then used to pretreat PMN in an identical manner to that described previously. 
Laboratory prepared dialysis fluids (prepared dialysate)
A solution was prepared with the identical chemical composition described for 1.36% Dianeal (Travenol, U.K. Ltd., Egham, Surrey) containing; 132 m'vi NaC1, 1.75 ma's CaCI2, 0.75 mM MgC12 . 6 H20, 35 ma's Na-lactate and 1.36 wt/vol dextrose. The initial pH of this solution was 10.15 and this was adjusted to 5.3 with hydrochloric acid. Separate 50 ml samples were filter sterilized (Millex GS, 0.22 sm filter Millipore SA, France) or autoclaved at 145°C for 35 minutes. Each sterile prepared dialysate sample was divided into two 25 ml aliquots, one aliquot was retained at pH 5.3 while the other 25 ml sample was adjusted to pH 7.3 with sodium bicarbonate. These prepared dialysate samples were then used to pretreat peripheral PMN in the manner described previously. Samples were either used on the day of preparation or following storage at 4°C for periods of up to two weeks.
Results
Respiration of human peritoneal PMN and PMØ The time course of 02 uptake by peritoneal PMN and PMØ is shown in Figure 2 A and B. Resting respiration for PMN was significantly elevated in the cells' own used effluent when compared to phosphate-glucose buffer, while the responses of PMØ in these two media although initially delayed in phosphate-glucose buffer were not significantly different. Stimulation of PMØ and peritoneal PMN with increasing concentra- 1.76 M 02/minl2.8 x 106 cells, respectively. In used CAPD effluent, however, the mean steady-state 02 uptake was significantly reduced by 64.1% and 15.6% for PMØ and PMN, respectively (Table 2) . When PMØ and PMN were suspended in unused dialysate (1.36% Dextrose) both resting and stimulated 02 uptake were further reduced by means of 96.7 and 97.7% for PMØ and PMN, respectively, when compared to cells suspended in phosphate-glucose buffer ( Table 2) . Stimulation of PMØ in phosphate-glucose buffer with heat-killed serum-treated S. epidermidis also significantly increased the mean 02 uptake; at a particle to cell ratio of 100:1 the mean steady state 02 uptake in response to this stimulus was 4.9 0.27 M 02/min/2.8 x 106 PMØ (N = 3).
Effect of increasing external 02 concentration
The 02 uptake of resting PMN remained constant at 02 concentrations between 50 and 400 ILM. Below 50 tM 02 however, resting uptake declined in a dose dependent manner, and by 10 jIM 02 was reduced by a mean of 50% (data not shown). PMN stimulated with opsonized zymosan (1 mgI2.8 x 106 cells) showed an increase in 02 uptake at all 02 concentrations above 10 jIM, reaching a plateau of 02 uptake above 250 p.M external 02. In PMØ both resting and stimulated 02 consumption increased in a dose dependent manner at external oxygen concentrations above 50 p.M 02, and both reached a plateau above 300 p.M 02 (data not shown). for 30 minutes at 37°C completely abolished the subsequent ability of these cells to generate chemiluminescence when stimulated with opsonized zymosan (Fig. 4) . Adjustment of the pH of unused fluid to pH 7.3 with sodium bicarbonate prior to pretreatment of PMN reversed the ability of this fluid to suppress the subsequent chemiluminescent response of PMN to opsonized zymosan. A separate sample of unused fluid was initially adjusted to pH 7.3 with sodium bicarbonate, and then re-acidified with hydrochloric acid to 5.3; at pH 7.3 this fluid did not significantly reduce the subsequent stimulated chemiluminescent response of pretreated PMN. However, at pH 5.3 this fluid reduced the chemiluminescent response of pretreated PMN stimulated by opsonized zymosan to background levels (data not shown). Pretreatment of PMN with PBS or phosphateglucose buffer at pH 7.3 or at 5.3 had no significant suppressive effect on the ability of resuspended PMN to generate chemiluminescence in response to opsonized zymosan. Supplementing PBS 7.3 with glucose or sodium chloride (to give an osmolality 400 mOsmol/kg) did not have any effect on the peak chemiluminescent responses of PMN pretreated in these fluids when they were subsequently stimulated with opsonized zymosan (data not shown).
Heat or filter sterilized prepared dialysate with the pH adjusted to 7.3 with sodium bicarbonate did not have any significant effect on the peak chemiluminescent responses of pretreated PMN stimulated with opsonized zymosan. However, at pH 5.3, this fluid behaved in an identical manner to unused CAPD fluid and completely suppressed the PMN chemiluminescent response (Fig. 4) . Storage of heat or filter sterilized prepared dialysate at 4°C for periods of up to two weeks did not alter its suppressive effect on peak PMN chemiluminescence at pH 5.3. At pH 7.3, stored prepared Effect of Na lactate on PMN chemiluminescence PMN pretreated with PBS or phosphate-glucose buffer (both at pH 7.3) containing 35 m Na lactate (the same concentration present in unused dialysis fluid) did not alter the subsequent ability of these cells to generate chemiluminescence in response to stimulation with opsonized zymosan. However, PBS and phosphate-glucose buffer (both at pH 5.3) containing 35 m Na lactate significantly reduced the subsequent ability of pretreated PMN to generate chemiluminescence when stimulated with opsonized zymosan (Fig. 5) . The mean peak PMN chemi- luminescent responses were reduced by 93.3% and 71.4% for cells pretreated in PBS and phosphate-glucose buffer (plus Na lactate, pH 5.3), respectively (N 3). The viability of pretreated PMN was not significantly reduced by the inclusion of Na lactate in the PBS or phosphate-glucose buffer at either pH 7.3 or at pH 5.3 (data not shown).
Discussion
The present study demonstrates that both PMØ and inflammatory PMN isolated from the peritoneal cavity are capable of maintaining significant resting and stimulated oxygen uptake over a wide range of external oxygen concentrations. In agreement with previous studies [21] we found that oxygen concentrations within the peritoneal cavity were sufficient to maintain normal cell respiration, even during active peritonitis. Low oxygen availability, therefore, [13] does not appear to be rate limiting for cell respiration in this environment. Resting peritoneal PMN maintain a higher respiration rate in their own used CAPD effluent than in phosphate-glucose buffer. This observation suggests that these cells are "primed" in vivo during their migration into the peritoneal cavity by a component(s) present in the infected dialysis fluid. Since infected CAPD effluent contains both bacteria and bacterial products [22, 23] and also host opsonic immunoglobulins, complement components and possibly lipid mediators 1241, it is perhaps not surprising that the unstimulated respiration of cells isolated from this environment is indicative of some degree of preactivation [25] .
In contrast to resting respiration, however, both PMN and PMØ demonstrated a marked reduction in stimulated oxygen uptake, when compared to control, following exposure to used 4 or 18 hours effluent or unused CAPD fluid. This reduction in phagocyte oxidative metabolism was most evident in unused dialysate and has been attributed to the composition of the dialysis fluid [16, 17] . The precise mechanism of this suppressive effect has not been identified. In order to investigate this phenomenon and because of the large number of phagocytic cells required for respiration experiments, subsequent investigations were carried out using the chemiluminescent technique which facilitated a detailed study of the effect of unused and early dwell CAPD fluid pretreatment on stimulated, phagocyte oxygen radical generation. There appear to be no previous studies on the function of peritoneal PMN obtained from CAPD patients, but our chemiluminescent findings suggest that these cells respond to stimulation in a similar manner to normal circulating PMN [20] .
Preincubation of PMØ, peritoneal PMN or peripheral blood PMN in unused and early dwell time CAPD effluents (up to 60 mm dwell time) significantly reduced their ability to respond to subsequent stimulation. In contrast cells pretreated with eighthour CAPD effluent retained normal respiratory burst activation. These observations parallel those obtained in the 02 uptake experiments where respiration was severely depressed in unused fluid, and complement previous studies of the effect of CAPD effluent on phagocytosis by PMN and PMØ [16, 17] .
The data presented clearly demonstrate that the initial pH of commercial dialysis fluid (pH 5.3) is indirectly responsible for limiting phagocyte respiratory burst activation. However, pH per se, was not the direct cause of this decreased function since pretreatment with PBS and phosphate-glucose buffer at pH 5.3 did not reduce the subsequent stimulated PMN chemiluminescent response. It is therefore evident that at low pH commercial dialysate contains a substance or substances, generated by the prevailing acid/base balance, which are capable of inhibiting both the respiratory and phagocytic function of inflammatory cells without significantly affecting their viability [17] . The same pH dependent inhibitory effect was also seen with prepared dialysate, indicating an effect of low pH on one of the chemical components of the fluid rather than a product generated during heat sterilization or an effect of storage of commercial dialysis fluid in bags. Storage of prepared dialysate following heat or filter sterilization in glass for up to two weeks did not affect the inhibitory capacity of this fluid at pH 5.3. Other factors studied such as osmolality and dextrose concentration in the fluid did not appear to have a suppressive effect on phagocyte function [17] . Further investigation of this pH dependent inhibitory component revealed that, while pretreatment of PMN in PBS or phosphate-glucose buffer (pH 7.3) containing 35 m Na lactate did not affect subsequent cell function, following pretreatment at pH 5.3 (the pH of unused dialysis fluid) there was a significant inhibition of stimulated PMN respiratory burst activity.
It is well recognized that both pH and lactate concentrations alter significantly during the dialysis cycle [16, 26] . The gradual increase of both phagocytic [17] and respiratory burst function in phagocytic cells recovered with increasing dwell time, might therefore simply be a result of increasing pH due to bicarbonate accumulation, and the decreasing lactate concentration in Oxygen radical production by phagocytes is initiated by a plasma membrane bound oxidase which catalyses the reaction of 02 with NADPH to form NADP and superoxide [26] . It is possible that unused dialysate interferes directly with this process by causing perturbations in the cell membrane as have been described following exposure to other short chain carboxylic acids [27] . An alternative explanation is that there was an intracellular effect. Lactate can diffuse into cells and inhibit the conversion of pyruvate to acetyl coenzyme A. As a consequence there will be a reduced production of ATP from the oxidation of glucose.
In conclusion, inflammatory cell function in the peritoneal cavity early in the dialysis cycle may be severely depressed, primarily because of the combined effect of the low pH and lactate concentration in unused fluid. Thus since cellular host defence is severely impaired in unused dialysis fluid, these results together with previous findings [28] indicate that it may be more clinically appropriate to continue CAPD during peritonitis, rather than resorting to peritoneal flushing. In addition, a simple pH adjustment of dialysate at source might reduce lactate mediated toxicity and serve to enhance phagocyte function and cellular host defense early in the CAPD cycle when humoral immunity is likely to be impaired [15, 29, 30] .
